Latitudinal body size clines in animals conforming to Bergmann's rule occur on many continents but isolating their underlying genetic basis remains a challenge. In Drosophila melanogaster, the gene Dca accounts for approximately 5-10% of the natural wing size variation (McKechnie SW, Blacket MJ, Song SV, Rako L, Carroll X, Johnson TK, Jensen LT, Lee SF, Wee CW, Hoffmann AA. 2010. A clinally varying promoter polymorphism associated with adaptive variation in wing size in Drosophila. Mol Ecol. 19:775-784). We present here functional evidence that Dca is a negative regulator of wing size. A significant negative latitudinal cline of Dca gene expression was detected in synchronized third instar larvae. In addition, we clarified the evolutionary history of the three most common Dca promoter alleles (Dca237-1, Dca237-2, and Dca247) and showed that the insertion allele (Dca247), whose frequency increases with latitude, is associated with larger wing centroid size and higher average cell number in male flies. Finally, we showed that the overall linkage disequilibrium (LD) was low in the Dca promoter and that the insertion/deletion polymorphism that defines the Dca alleles was in strong LD with two other upstream sites. Our results provide strong support that Dca is a candidate for climatic adaptation in D. melanogaster.
Introduction
Body size clines conforming to Bergmann's rule are widespread in terrestrial animals, including many arthropods (Blanckenhorn and Demont 2004; Olson et al. 2009 ). In Drosophila species, latitudinal body size clines occur on multiple continents (Coyne and Beecham 1987; Imasheva et al. 1994; James et al. 1995; Van 't Land et al. 1999; Loeschcke et al. 2000) . In the model organism D. melanogaster, linkage mapping (Gockel et al. 2002; Calboli et al. 2003) , association analyses (Weeks et al. 2002; Kennington et al. 2006 Kennington et al. , 2007 Rako et al. 2007) , and line-cross experiments (Kennington and Hoffmann 2010) have made inroads into understanding the genetic architecture of body size variation. However, to identify the genetic basis of adaptive body size variation, the underlying gene(s) ultimately need to be isolated.
The candidate gene approach is becoming increasingly popular and feasible for identifying the genetic basis of ecological adaptation, owing to improvement in genomic resources (Ellegren and Sheldon 2008; Hoffmann and Willi 2008) . It is thought that many genetic changes underlying adaptation are underpinned by regulatory differences in gene expression (Prud'homme et al. 2006; Wray 2007; Rebeiz et al. 2009 ) and transposable element activities (Gonzalez et al. 2008 (Gonzalez et al. , 2010 . With respect to body size control in insects, components of the well-known growth signaling pathways and hormonal regulation may influence body size variation (Oldham et al. 2000; De Jong and Bochdanovits 2003; Nijhout 2003; Yan et al. 2004; Edgar 2006; Mirth and Riddiford 2007) , and microarray analyses have also generated candidate genes that can be followed up individually Turner et al. 2008) .
Recently, an insertion/deletion (INDEL) polymorphism in the 5# regulatory region of Dca (Drosophila cold acclimation) has been implicated in adaptive wing size variation, presumably by altering aspects of transcription regulation (McKechnie et al. 2010) . Transgenic overexpression of Dca affects wing size but not thorax size (McKechnie et al. 2010) . This alters the wing:thorax ratio, which is likely to impact on flight ability and could be a target of natural selection ). In fact, it has been reported that wing:thorax ratio increases with latitude in Australia (Azevedo et al. 1998) . Given its functional bias toward affecting wing development, Dca is considered a promising candidate for adaptive clines in wing size and wing:thorax allometry.
The gene Dca (CG7390; Flybase ID: FBgn0038257), also known as senescence marker protein 30 (smp-30), is located at 88D2 on the right arm of chromosome 3 (Chr 3R) and was first identified in D. melanogaster as a gene differentially expressed following cold treatment (Goto 2000) . According to the latest RNA-Seq data available on Flybase (http://flybase.org/) and ModECODE (http:// www.modencode.org/), the temporal expression of Dca is developmentally controlled (supplementary fig. S1 , Supplementary Material online). Relative to the housekeeping gene RpL11, expression of Dca is low (;0.0017) in the first 18 h of embryonic development but increases rapidly to 0.440 (or ;25-fold) in the last 6 h of embryonic stage. Dca expression continues to climb during the three larval instars and peaks at third instar larval stage with a relative expression level of 0.0899 (or ;50-fold increase). The expression of Dca then drops sharply and maintains at a nearbaseline level of ;0.0049 through to the 3-day-old pupal stage. Dca expression reaches a second peak in young adults (1-day-old), although the titers appear to be different between males (0.0957) and females (0.0192). At the tissue level, Dca is enriched in such body parts as the adult digestive (e.g., 6.9-fold in midgut, 19.4-fold in tubule, and 5.29-fold in fat body) and reproductive (e.g., 5.30-5.31-fold in spermatheca) tissues (FlyAtlas: http://130.209.54.32/ atlas/atlas.cgi). The two transcript isoforms produce an identical 303-amino acid polypeptide, resembling a family of enzymes, such as the SMP30, gluconolactonase, and luciferin-regenerating enzyme. The mammalian homolog (SMP30 or regucalcin [RGN] ) has primarily been characterized as a calcium-binding protein involved in ageing and senescence (Fujita 1999; Yamaguchi 2000) . Overexpression of RGN in rat hepatoma cell suppressed cell proliferation (Tsurusaki and Yamaguchi 2003) , and transgenic rats overexpressing RGN had lower body weight (Yamaguchi et al. 2002) . In contrast, RGN knockout mice had elevated proliferative rate in hepatocytes (Ishigami et al. 2001) . Amongst other pleiotropic functions, it is anticipated that Dca carries out roles similar to its mammalian homologue-regulating calcium homeostasis and negatively influencing cell proliferation and tissue size.
Consistent with this expectation, McKechnie et al. (2010) showed that transgenic overexpression of Dca in flies produced smaller wings. In their study, two major allelic classes of Dca were identified in Australia, which differed by a nine base INDEL polymorphism in the promoter region. Reciprocal clines were discovered for these two alleles; the Dca247 insertion allele showed a positive cline, which coincided with the increase in body size at higher (more temperate) latitudes. Importantly, the observed Dca INDEL cline was independent of the cosmopolitan inversion In(3R)Payne, which has been previously shown to influence clinal variation in body size in D. melanogaster (Weeks et al. 2002) . Furthermore, association tests have demonstrated a significant association between this promoter polymorphism and wing size, accounting for 5-10% of the observed phenotypic variance in the cline (McKechnie et al. 2010) . Because previous population screening using microsatellite markers did not detect any structure in the mainland D. melanogaster populations of Australia , the gradual increase of Dca247 allele in frequency along the east coast points to evidence for natural selection.
The work by McKechnie et al. (2010) serves as a foundation upon which more comprehensive functional and evolutionary analyses can be built. We present here multiple lines of new evidence to strengthen and fine-tune the hypothesis that Dca is an important genetic factor underlying adaptive wing size variation in D. melanogaster. We first examined the phenotypic consequences of transgenic overproduction, suppression, and wing-specific suppression of Dca using the GAL4-upstream activating sequence (UAS) system. We then tested for a clinal pattern of Dca gene expression in developing larvae. At the nucleotide level, upon reclassification of the major promoter variants, we undertook an association study to quantify the phenotypic effects of each allelic group. The linkage disequilibrium (LD) profiles of natural Dca promoter variants suggested that linkage is low and short range. Our results suggest that transcriptional regulation of Dca might contribute to wing size variation, and they also demonstrate how a combination of evolutionary, developmental, and transcriptional regulation information is crucial for understanding the involvement of Dca in adaptive wing size variation.
Materials and Methods

Transgenic Overexpression and Knockdown of Dca Transcription
We used a standard transgenic GAL4-UAS system to alter Dca expression. To overexpress Dca ubiquitously, we crossed the UAS-Dca line (Exelixis ID: D00012; Flybase ID: FBti0053856) to the daughterless-GAL4 (da-GAL4) driver line (Bloomington Drosophila Stock Center ID: 5460; Flybase ID: FBti0013991). To suppress Dca ubiquitously, the UAS-Dca-RNA interference (RNAi) line (Vienna Drosophila RNAi Center ID: 35230; Flybase ID: FBst0461047) was crossed to the same da-GAL4 driver line. The progeny from these crosses were backcrossed to the w 1118 isogenic line for eight generations. Wing size was measured as wing area on at least 30 individuals of each sex per cross, following Gockel et al. (2002) .
To investigate the phenotypic impact of Dca suppression in the wing discs, we utilized a wing-specific driver line, vestigial gene margin and quadrant enhancer (vgMQ)-GAL4 (Bloomington ID: 8230; Flybase ID: FBti0040604), which targets the wing pouch margin and quadrants. The expression pattern of the vgMQ-GAL4 driver line was confirmed by examining green fluorescent protein (GFP) staining in the progeny (third instar larvae) wing discs between the vgMQ-GAL4 line and the UAS-nuclear GFP line (Bloomington ID: 4775; Flybase ID: FBti0012492) (supplementary fig. S2 , Supplementary Material online). For vgMQ-GAL4-targeted Dca RNAi knockdown, males Lee et al. · doi:10.1093/molbev/msr064 MBE from the vgMQ-GAL4 driver line were crossed to virgin females from the UAS-Dca RNAi line (VDRC ID: 35230) . To control for genetic background, vgMQ-GAL4 males were crossed to w 1118 virgin females. Progeny of these crosses were measured for wing centroid size following Rako et al. (2007) .
Expression levels of Dca in the da-GAL4 series of transgenic experiments were quantified in third instar larvae using quantitative real-time polymerase chain reaction (RT-PCR). Total RNA was isolated using TRIZOL reagent (Invitrogen) and the RNeasy kit (Qiagen). mRNA within the total RNA pool was reverse transcribed with oligodT primer using the Superscript II system (Invitrogen). RT-PCR was performed on the PRISM 7000 sequencedetection system (Applied Biosystems) using the SYBR Green (Molecular Probes) as the fluorophore. The RT-PCR primers were: 5#-AATTCCAACCACCCAAATCA-3# and 5#-TATCCAAATTGGGACCTCCA-3#. The abundance of Dca transcripts was normalized to actin5C (5#-CACCGG-TATCGTTCTGGACT-3# and 5#-TGTAGGTGGTCTCGTG-GATG-3#). We were unable to obtain sufficient larval wing disc RNA from the vgMQ-GAL4 crosses for reliable quantification of gene expression.
Clinal Gene Expression Analysis
Adults from 15 of the clinal populations of 2008 (table 1) were allowed lay eggs for 4 h on a colored agar medium. Fifty eggs were picked into individual vials each containing 7 ml of standard fly media and reared at 25°C. Twenty larvae per population were collected 96 h post egg lay and stored in RNAlater solution (Ambion) at À70°C for RNA extraction. Total RNA was isolated using TRIZOL Reagent (Invitrogen) and contaminating genomic DNA was removed using RQ1 RNase-Free DNase (Promega). DNase-treated total RNA was purified using RNeasy Kit (Qiagen), and first-strand cDNA was synthesized with the SuperScript III First-Strand Synthesis SuperMix (Invitrogen). Oligo-dT was used to prime the reverse transcription step. First-strand cDNA was diluted 10-fold in water for RT-PCR. RT-PCR reactions were set up using the LightCycler 480 High Resolution Melting Master (Roche) following manufacturer's instructions. Crossing point values were acquired on the LightCycler 480 (Roche) with the Absolute Quantification Module in the software package. The standard 2-DDCt method was used to estimate relative expression. The Dca RT-PCR primers were: 5#-CCGTCTTCAAGG-TYAATCCA-3# and 5#-TGGGTGGTTGGAATTTTGAT-3#. RT-PCR results were normalized using a housekeeping gene RpL11 (5#-CGATCTGGGCATCAAGTACGAT-3# and 5#-TTGCGCTTCCTGTGGTTCAC-3#).
Genotype-Phenotype Association Study
Drosophila melanogaster flies were collected in March 2008 in Coffs Harbour (30°22#S, 153°02#E), New South Wales, Australia. Two hundred and fifty isofemale lines were established, and a mass-bred population was founded two generations after field collection, with 2-4 individuals from each of the isofemale lines. The mass-bred population was kept at 25°C under continuous light in 250 ml bottles containing 50 ml of potato, yeast, and sucrose media (Rako et al. 2007 ). After six generations of mass-rearing, adult flies were allowed to lay eggs in bottles for 1 h to avoid larval overcrowding and were maintained at 25°C throughout development. Centroid size of the adult wings was measured following Rako et al. (2007) . The average cell size on each wing blade was estimated by trichome density within a 1 lm 2 area approximately equally distant from the longitudinal veins IV and V and the posterior cross vein 2, following French et al. (1998) . Three adjacent measurements were performed per wing sample, and the average trichome density was used to estimate average cell size in micro square meters. A cell number index was deduced (dividing centroid size by the average cell size) in the sampled region.
PCR Assay to Differentiate Dca Promoter Alleles
The Dca genotype assay took advantage of the sequence variations at the INDEL site. The universal forward primer Dca150F (5#-CACGACGTTGTAAACGACGCCATGGCTA-CCAATAGGA-3#) carried a 20-base adapter sequence at its 5# end (underlined portion) complementary to the M13(À20) sequence. Two reverse primers were designed: Dca237-1R (5#-CTCAAATATCTCAGTTCAGGC-3#) was specific to Dca237-1 allele, and a longer Dca237-2R (5#-CTGATGGCGCGAGGGAGGCCTCAAATATCTCAGTTGT-GTTA-3#) whose 3# end (underlined portion) is specific to both the Dca237-2 and Dca247 alleles. With such a design, these three alleles yielded amplicons each with distinct sizes: 178 bp for Dca237-1, 198 bp for Dca237-2, and 207 bp for Dca247. Cycling conditions were 95°C for 10 min followed by 50 cycles of 95°C for 10 s, 56°C for 15 s, and 72°C for 15 s. The PCR products were separated on a 2% agarose gel (containing 0.5% Ultra High Resolution Agarose [Scientifix]) at 250 V for 30-40 min, 
LD Analysis
Twenty-nine Dca promoter allele sequences (Genbank accession numbers: HQ681289-HQ681317) were obtained from 18 isofemale inbred lines and 11 Chr3 isochromosomal lines (see table 1 for locations). Oligonucleotide primers 5#-CAGATTGTCGAGTTTCGCTGAATG-3# and 5#-TCACAGAGCTTCGGCACATTTTTAG-3# were used to amplify an approximately 3 kb genomic region encompassing the 2 kb 5# upstream region and 1 kb of the Dca structural gene (3R:10574930-10571930). Purified PCR products were sequenced with four additional internal primers (w2: 5#-TCGGACAGCAGCAACAACAAG-3#, w3: 5#-GCCAAGG-AGTCGGGTCAGAG-3#, w3: 5#-TTTGAGAATGTCCATCGT-GTACC-3#, and w5: 5#-TGGGATGTTGATCGCCAGAG-3#).
The sequencing reads were assembled in Sequencher 4.7 (Gene Codes) to generate a consensus sequence for each line. The alignment of these 29 sequences was examined in MEGA4 (Tamura et al. 2007) , and LD analysis was performed in Haploview (Barrett et al. 2005) . Homologous gaps of INDEL polymorphisms were treated as single evolutionary steps following the homologous gap coding strategy described in Retief et al. (1995) . fig. 1 ). On the other hand, when expression of Dca was suppressed by RNAi, flies had significantly larger wings (þ3.9% in males: t 5 5.4; df 5 93; P , 0.001; þ5.5% in females: t 5 8.2; df 5 89; P , 0.001) than the control cross ( fig. 1 ). RT-PCR results using F1 third instar larvae from the four crosses indicated the high efficiency of both RNAi knockdown (98% decrease; t 5 8.73; df 5 2; P , 0.001) and overexpression (3.75-fold increase; t 5 19.18; df 5 2; P , 0.001). When a wing disc-specific GAL4 driver line was used to suppress Dca expression during development, we observed a significant increase in adult wing size in females (þ1.6% in females: t 5 2.422; df 5 49; P 5 0.019) but not in males (þ0.2% in males: t 5 0.375; df 5 89; P 5 0.709) ( fig. 1 ). Our transgenic experiments confirmed that Dca has an overall negative influence on wing size, but a sex-specific phenotypic response was evident at the organ/tissue level.
Results
Phenotypic Consequences of Overexpression and Knockdown of Dca
A Clinal Pattern for Dca Gene Expression
Our transgenic data suggested that aspects of Dca expression could underlie the wing size variation in natural populations. This prompted an examination of Dca expression along the cline. A downward trend in Dca gene expression was observed in the third instar larvae, where the relative level of Dca mRNA tends to be lower toward higher latitude (R 2 5 0.327, df 5 1; t 5 À2.515; P 5 0.026) ( fig. 2 ). The regression remained significant (R 2 5 0.324, df 5 1; t 5 À2.396; P 5 0.034) even after the potential outlier population in figure 2 was omitted from the analysis.
FIG. 1.
Phenotypic effects of Dca knockdown and overexpression. Ubiquitous suppression of Dca (da-GAL4 Â UAS-Dca-RNAi) resulted in a significant increase, whereas overexpression of Dca (da-GAL4 xÂ UAS-Dca) led to a significant reduction in wing size in both sexes. Dca knockdown in the wing discs (Dca-RNAi xÂ vgMQ-GAL4) significantly increased wing size in females but not males. Wing size in the F1 progeny from each cross was normalized to the average score of its respective control cross. Error bars represent standard errors of the average relative wing size. * P value of t-test , 0.05; *** P value , 0.01; NS 5 not significant. Lee 
It is well known that DNA variation in the cis regulatory regions of genes can have a direct impact on gene expression. We attempted to reconstruct the sequential mutational events around the Dca promoter INDEL polymorphism, which displays a strong clinal signal (McKechnie et al. 2010) . Multispecies alignment of the homologous region suggested that the ''deletion'' status was the ancestral form because the outgroup species (D. simulans and D. sechellia) shared the same INDEL configuration as the Dca237-2 allele in D. melanogaster. A closer inspection of the INDEL site identified four sequence motifs ( fig. 3) . A simple insertion coupled with a deletion event could generate either the Dca237-1 allele (deletion of TAA-CACA motif and tandem duplication of GCCTGA) or the Dca247 allele (deletion of the TGA motif and addition of ACAACATTTCAT) ( fig. 3 ).
Dca247 is Associated With Larger Wing Size and Higher Cell Number in Males
Previous genotype-phenotype association experiments in McKechnie et al. (2010) were limited to two allelic groups (Dca247 and Dca237). Sequences obtained from Australian field-derived populations clearly show that the Dca237 allelic group can be subdivided into Dca237-1 and Dca237-2 based on sequence variation at the INDEL. However, these two Dca237 alleles were not previously distinguishable by electrophoresis because the amplicon sizes were identical. Clarification of the sequence variations between the three Dca alleles ( fig. 3 ) allowed us to develop a PCR assay to separate them and quantify their effects on body size separately.
We obtained wing measurements (centroid size, average cell density, and average cell number) from 384 random individuals, 192 of each sex, from a mass-bred population from Coffs Harbour (a mid-cline location). This population was chosen because different Dca alleles are present at intermediate frequencies according to McKechnie et al. (2010) . Genotypes of 381 flies were determined using an allele-specific PCR assay. Our data showed that the males homozygous for Dca247 had significantly larger wings than the other genotypes (analysis of variance [ANOVA]: df 5 5, 184, F 5 2.661; P 5 0.0238); and the size difference in wings was driven largely by an increase in cell number (ANOVA: df 5 5, 184; F 5 2.655; P 5 0.0241) but not cell size (ANOVA: df 5 5, 184; F 5 1.120; P 5 0.351). Regression analysis indicates that, in males, the number of Dca247 alleles (i.e., 0, 1, or 2) accounts for approximately 6% of the phenotypic variation in wing centroid size (R 2 5 0.0596; df 5 1, 188; F 5 11.912; P , 0.001) and 5% of cell number variation (R 2 5 0.0476; df 5 1, 188; F 5 9.405; P , 0.01). However, a genotypephenotype association was not detected in females. Furthermore, no significant effects were found between the Dca237-1 and Dca237-2 alleles for any wing measurements (centroid size, cell size, or cell number) in either sex. These results indicate that Dca247 is associated with large wing size and higher cell number in males. 
LD Patterns Around the
Discussion
Clinal variation in animal body size has long intrigued evolutionary biologists. In spite of the environmental heterogeneity and gene flow, many species maintain remarkably strong and stable body size clines (Blanckenhorn and Demont 2004) . Given its rich genomic and transgenic resources, the adaptive shift in body size in D. melanogaster is an ideal system for testing functional, evolutionary, and ecological hypotheses. Extending from and complementing the original characterization by McKechnie et al. (2010) , this paper presents new evidence for the involvement of the Dca gene in adaptive wing size variation in (table 2) .
Transgenic manipulation of Dca expression firmly established its negative impact on wing size ( fig. 1 ). This conclusion is in agreement with earlier results by McKechnie et al. (2010) . Our findings are also consistent with those reported in mammalian systems, where the DCA homologue (SMP30/RGN) negatively regulates cell division and proliferation (Ishigami et al. 2001; Yamaguchi et al. 2002; Tsurusaki and Yamaguchi 2003) . It is known that overexpressing RGN buffers the growth stimulating effects of insulin and glucose in rat hepatoma cells (Nakashima and Yamaguchi 2007) . Such a relationship with the insulin pathway is also supported by an interaction between SMP30 and Akt1 (Matsuyama et al. 2004 ), a key kinase component of insulin signaling. In sum, evidence obtained from this study as well as those in mammals suggests an intimate involvement of DCA/ SMP30/RGN in cell growth and proliferation, possibly via the insulin pathway.
Moreover, we also noted that the magnitude of the phenotypic response differed between sexes when Dca is transgenically altered (fig. 1) . The male progeny displayed greater sensitivity to Dca overexpression, whereas the female phenotypic response to ubiquitous Dca knockdown was relatively severe. Only female progeny responded to Dca knockdown in the wing discs. Together, these observations suggest that although Dca expression can negatively affect wing size in both sexes, there may be sex specificities in the site of function within the size control regulatory hierarchy. As wing development involves both disc extrinsic (e.g., nutritional levels) and intrinsic (e.g., pattern morphogens and signaling pathways) factors, the lack of phenotypic consequence in male progeny from the vgMQ-GAL4 Â UAS-Dca-RNAi cross implies that disc-intrinsic factors are of lesser importance than disc-extrinsic ones in this sex in wing development. However, for the female progeny, the disc-intrinsic operation could account for up to 29% of the overall knockdown effect (þ1.6% in vgMQ-GAL4 Â UAS-Dca-RNAi vs. þ5.5% in da-GAL4 Â Dca-RNAi). Hence, both disc intrinsic as well as extrinsic factors may be relevant for wing development in females. Sex-specific effects of Dca on wing size were also observed in our association analysis (discussed below). The overall negative influence of Dca on wing size prompted us to examine a clinal pattern at the mRNA level in mixed sex third instar larvae. The significant downward trend in Dca expression from the tropics to the temperate populations ( fig. 2) corroborates with the results of the functional analyses and the body size cline.
FIG. 3.
Complex insertion and deletion events and the evolution of Dca promoter alleles in Drosophila melanogaster. The 9-bp INDEL site corresponds to 3R:10573435-10573414 of the Celera reference (Build 5.1) strain (top sequence), whose sequence is identical to Dca247. It differs from the typical Dca237-2 allele by an insertion of 12 bases (ACAACATTTCAT; indicated by a box with horizontal stripes), and a deletion of 3 bases (TGA; indicated by gray box). The homologous regions in D. sechellia and D. simulans resemble the Dca237-2 allele in D. melanogaster are also shown (bottom two). Compared with Dca237-2, Dca237-1 has lost a 7-bp motif (TAACACA; indicated by a box with diagonal hatch stripes) and gained 6 bases, presumably by a tandem duplication of the GCC-TGA motif. Dotted lines represent empty space between motifs when sequences are aligned.
Lee et al. · doi:10.1093/molbev/msr064 MBE Because expression of Dca can significantly affect wing size, we identified potential DNA mutation(s) in its cis-regulatory regions and their evolution in natural populations.
A previous survey had identified the Dca247 allele displaying a remarkably strong latitudinal cline, increasing in frequency from 0% in the tropics to approximately 70% in (McKechnie et al. 2010) . Our comparative sequence analysis demonstrates that Dca247 is derived from the ancestral allele, Dca237-2 ( fig. 3 ). Sequence alignment between Dca247 and Dca237-2 revealed that a 12-bp insertion coupled with a 3-bp deletion has given rise to the net 9-bp gain in the Dca247 allele ( fig.  3) . A single mutation is a more likely scenario. Sequencing surveys in Australia (N 5 29) and the USA (N 5 255 by Clowers et al. 2010) clearly show the presence of common alleles in both continents. It is believed that D. melanogaster has an Afro-tropical origin (David and Capy 1988) and was introduced into Australia via the tropical north of the continent . Based on the evolutionary history of the Dca alleles and their clinal patterns, one may speculate that the Dca247 allelic variant confers a selective advantage, which has aided D. melanogaster populations (e.g., via its effects on body size) to expand to higher and cooler or more temperate latitudes in Australia.
In addition to the clarification of their genealogy, the disentanglement of the INDEL structure at the nucleotide level also permitted more direct quantification of allelic contributions to wing size variation. Dca247 showed a significant positive correlation with male wing centroid size and an increase in cell number in the wing blades. The fact that Dca genotypes are only associated with cell number but not average cell size is consistent with clinal wing size variation in eastern Australia being primarily associated with changes in cell number (James et al. 1995; Zwaan et al. 2000) .
The strong clinal patterns of the Dca promoter INDEL polymorphism imply that climatic selection might be acting on this locus (McKechnie et al. 2010) . Alternatively, the observed clinal signal can be due to LD between this INDEL polymorphism and the causal mutation. Our sequence analysis shows that the three most common promoter alleles (with respect to the INDEL status) are ancient ( fig. 3 ) and probably maintained by balancing selection. Hence, we did not anticipate LD level to be high in this region. Indeed, analysis of 255 North American lines by Clowers et al. (2010) indicated that LD (measured by r 2 ) is low. In their analysis, the INDEL polymorphism (denoted as ''Del603In, Del2'') is in strong linkage with only two other sites: ''AT-623TA'' and ''A-630G'' (re: fig. 2 in Clowers et al. 2010) . These sites correspond to L1505_INDEL, L1488_SNP_AT-TA, and L1481_SNP_G-A, respectively in the present study ( fig. 4) . Although the sample size was relatively small (N 5 29), our LD analysis of the Australian samples also produced strikingly similar LD patterns compared with that reported by Clowers et al. (2010) . The consistency in LD patterns between USA and Australia hence supports the conventional view that D. melanogaster is a pandemic species (David and Capy 1988) and points to the old age of these promoter alleles. Given the data obtained in this study, as well as those by McKechnie et al. (2010) and Clowers et al. (2010) , these three sites in strong LD are the prime candidates for the causal targets of climatic selection. Understanding their functional significance however, ultimately requires transgenic manipulation (e.g., GFP reporter assays or allele-swapping experiments).
From an ecological perspective, apart from the potential impacts on flight ability for mating and locate food resources McKechnie et al. 2010) , Dca might also contribute to climatic adaptation via other means. One example of possible pleiotropic action of Dca is its role in diapause; in D. montana, Dca expression in significantly upregulated in diapausing females (Kankare et al. 2010) . In terms of its involvement in thermal adaptation, Dca was first identified in a cold acclimation experiment where flies were subject to a prolonged cold treatment at 15°C (Goto 2000) . Subsequent microarray analyses have shown that Dca is moderately down regulated after cold shock (Qin et al. 2005; Sinclair et al. 2007) . In a recent investigation of genotype Â environment interactions by Levine et al. (2011) , expression of Dca (smp-30) was among the most significantly down regulated genes when tropical flies were reared at temperate conditions (18°C); however, Dca gene expression change was not significant when temperate flies were reared at tropical condition (30°C). Given the high frequencies of Dca247 in the temperate populations, the insertion mutation might have rendered Dca expression less responsive to temperature. Acquiring such inflexibility in gene expression might help buffer thermal fluctuation in the temperate climates.
These expression data point to Dca promoter (DNA) polymorphisms having pleiotropic effects on traits other than size. In particular, a significant association between Dca promoter variations and the ability to recover from chill coma was detected in a set of inbred lines (Clowers et al. 2010) ; Among the 79 segregating polymorphisms around the Dca/smp30 gene, four showed strong association with chill coma recovery (Clowers et al. 2010) , including the INDEL and the A/G polymorphisms. These findings suggest that this Dca allelic variant may help flies adapt to cooler and more fluctuating conditions in higher latitudes.
Dca appears to be a nonessential and possibly pleiotropic gene. Apparently, transgenic knockdown of Dca (;98%) in Drosophila (this study) and even knockout of its homolog (SMP30/RGN) in mammals (Ishigami et al. 2001) did not result in lethality. This implies that DCA/ SMP30/RGN is dispensable or at least partly redundant for development. Its roles in calcium homeostasis could be partially compensated by other mechanisms such as the calmodulin-mediated pathways and/or its paralog regucalcin (CG1803) on Chr X. Furthermore, its proposed zincdependent gluconolactonase enzymatic functions (Kondo et al. 2006 ) and organophosphorus hydrolase roles (Billecke et al. 1999; Kondo et al. 2004 ) may be partially substituted by other members of the lactonase and hydrolase protein families. Perhaps adaptive shifts across ecological gradients might often occur through nonessential genes, whose expression can more easily be modified without serious deleterious pleiotropic effects. Lee et al. · doi:10.1093/molbev/msr064 
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Conclusion
The present study advances our understanding of Dca in five novel aspects, building on the earlier results of McKechnie et al. (2010) : 1) we demonstrated, using ubiquitous and tissue-specific Dca RNAi knockdown, that Dca negatively regulates wing size in a sex-dependent fashion; 2) we discovered a Dca cline at the gene expression level, consistent with its proposed functional roles in size control; 3) we reinterpreted the promoter INDEL sequence structure and the relative age of the three promoter alleles; 4) we provided the first evidence that insertion allele (Dca247) positively influences cell number but not cell size, using random individuals from an independent mid-cline population; and 5) we clarified the patterns of LD in the Dca promoter region, which effectively rules out major hitchhiking scenario and strengthens the claim that the IN-DEL variation might be the causal factor influencing wing size. The possible involvement of Dca in thermal tolerance, diapause, and body size control suggests that Dca may be an important gene for climatic adaptation.
